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h i g h l i g h t s
 Alkyl and benzyl esters were obtained from palm oil and its crystallized fractions.
 1H NMR spectroscopy showed higher conversions for methyl and ethyl esters.
 Benzyl esters from palm oils were not within biodiesel speciﬁcations.
 Palm oil esters produced with isopropyl alcohol presented the best cold properties.
 Biofuel properties from palm oil and its olein fraction presented no difference.a r t i c l e i n f o
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The oleaginous composition and alcohol used in transesteriﬁcation have substantial impact on biodiesel
properties. This study involves palm oil and its crystallization fractions, olein and stearin oils, with
methyl, ethyl, isopropyl and benzyl alcohols, as we seek to investigate the inﬂuence of the alcohol on
the cold properties, thermal stability, density and viscosity of the resulting biofuel. The products were
characterized by GC and 1H NMR spectroscopy. Biofuels produced from the olein oil fraction have supe-
rior cold properties compared to those synthesized from palm oil and the palm stearin oil fraction; these
properties are attributable to the higher unsaturated contents, which cause the isopropyl biodiesel from
palm to exhibit a higher cold ﬁlter plugging point (0.3 C). The use of benzyl alcohol yields a biofuel with
high thermal stability but also high viscosity and density values that do not adhere to any international
speciﬁcations for biodiesel.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The palm tree is a perennial plant that is highly abundant in
tropical countries, especially Malaysia and Thailand [1,2]. With
productivity of 4.2 tons/ha/year [3], palm oil is one of the most
abundant major biodiesel sources in the world. In crude palm
reﬁneries, palm oil is submitted to a crystallization process toseparate the high-melting portion (palm stearin oil) in the solidi-
ﬁed phase from the low-melting product (palm olein oil), which
was previously used for biodiesel production [1]. The olein fraction
has a higher number of long-chain and unsaturated fatty acids (FA)
than the stearin oil. This difference in the structure of the oils can
result in different properties in the biodiesels obtained from the
transesteriﬁcation process [4].
The structural parameters of some fatty esters, such as chain
length, degree of unsaturation and branching, can affect important
fuel properties, such as viscosity, cold ﬂow, oxidative stability,
lubricity, density, heat of combustion and ignition quality.
Hoekman et al. [4] discussed that the use of feedstock, mostly
composed of medium-chain fatty acids such as lauric acid or
unsaturated ones such as oleic or linoleic acid, is adequate to
improve the cold properties of biodiesel. Therefore, as the content
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tible to oxidation by air, and, as a consequence, the biodiesel stabil-
ity decreases [5].
The use of biodiesel with a high cold ﬁlter plugging point (CFPP)
in countries that experience very low temperatures can result in
the formation of wax crystals, gels, and insoluble compounds that
may clog up vehicle engines when the fuel passes through the
ﬁltration system [6]. Nevertheless, the cold ﬂow temperature is
considered an important property for determining the suitability
of biodiesel fuels for use in countries that experience very low
temperatures. However, because of large seasonal and geographic
temperature variability, neither United States nor European biodiesel
standards have established lower-limit speciﬁcations for CFPP [4].
To improve the cold properties of biodiesels, the winterization
process is used [7]. Winterization consists of cooling cycles of frac-
tionated crystallization that reduce the content of long saturated
chain esters and saturated monoacylglycerides. Instead of subject-
ing the biodiesel to a winterization process to separate saturated
fromunsaturated chains,wepropose a processwhereby the starting
oil is fractionated before transesteriﬁcation. The aim here is to com-
pare the properties of biodiesel from palm oil with biodiesel pro-
duced from fractioned oil from the saturated and unsaturated
portions. The reduction of long and saturated chains is an advantage
because the heavy parafﬁnic species could lead to a concern about
the low-temperature performance of the related biodiesel [4].
Apart from the ester, the choice of the alcohol used in the
transesteriﬁcation process is equally important to the resulting
cold properties of the biodiesel [8,9]. Despite its toxicity, methanol
is commonly and widely used in biodiesel production due to its
superior reactivity, low cost and availability [10]. Ethanol has been
widely studied, especially in Brazil and Spain [11], perhaps due to
its advantage as a renewable commodity, low toxicity and low
environmental impact [12–14]. However, the process of biodie-
sel/glycerine separation is even more difﬁcult [15]. Although iso-
propyl alcohol is used instead of ethanol and methanol to further
improve the cold ﬂow properties of biodiesel in soybean transeste-
riﬁcation, this alcohol is signiﬁcantly more expensive, which
imposes some restrictions on its use on a large scale [8].
Globally, there are many different deﬁnitions and speciﬁcations
for biodiesel. The Brazilian (Resolução 14-ANP) and United States
speciﬁcations (ASTM D6751) deﬁne biodiesel as alkyl esters of
long-chain fatty acids derived from vegetable oils and animal fats.
These resolutions do not specify the type of alcohol used. However,
the European biodiesel speciﬁcation, EN 14214, is more restrictive
and imposes the deﬁnition of biodiesel to fatty acid methyl esters
(FAMEs).
Few studies using superior alcohols have been reported, per-
haps due to the restrictive speciﬁcations cited above. Moreover,
to the best of our knowledge, there is no report in the literature
on the use of benzyl alcohol in biofuel production. In the present
study, the use of benzyl alcohol was also investigated to evaluate
the effect of the aromatic ring on biodiesel properties. This study
is motivated by the fact that many aromatic additives are used in
biodiesel fuels as a pour-point depressant and thermal stabilizer
because these aromatics are known to be more thermally stable
than parafﬁn [16].
In this study, some biofuel properties for palm oil (PO) and its
fractions, palm olein oil (OO) and palm stearin oil (SO), are system-
atically investigated. Additionally, the properties of biofuels
produced using various alcohols are compared on the basis of their
alkyl and benzyl structures. The product composition is character-
ized using 1H NMR spectroscopy and GC. The properties are ana-
lyzed in terms of cold properties, kinematic viscosity, density and
thermal stability, while comparing the limits allowed under
current international legislations for biodiesel. The results show
that the differences in biofuel properties resulting from differentpalm oil fractions are strongly inﬂuenced by the different alcohols
used.2. Materials and methods
2.1. Materials
Reagent-grade methanol (99.8%), ethanol (99.5%), isopropyl
alcohol (99.5%) and sodium methoxide in methanol (30%) were
acquired from VETEC, Rio de Janeiro, Brazil. Benzyl alcohol
(99.0%) was purchased from SYNTH, São Paulo, Brazil. CDCl3 con-
taining 1% of TMS (D, 99.8%) was purchased from CIL, Inc. Andover,
MA, USA. A solution of BF3 in methanol (Sigma–Aldrich, Saint Louis,
MO, USA) was used for the methylation step of the fatty acids dur-
ing the preparation of the samples for GC-FID analysis.
Typical reﬁned, bleached and deodorized PO was supplied by
Agropalma Group, Pará, Brazil. This oil was used without further
puriﬁcation and was also fractioned into saturated and unsatu-
rated portions by a crystallization process in which PO was
dissolved under gentle stirring at 40 C for 1 h and then cooled to
15 C for 1 h, also under gentle stirring. The solid fraction was
isolated by vacuum ﬁltration with a #4 sintered-glass funnel and
codiﬁed as SO, and the liquid phase was codiﬁed as OO.
2.2. Biofuel synthesis
Alkyl and benzyl esters were prepared by transesteriﬁcation of
approximately 100 g of the oil (PO, OO or SO) with alcohol (6:1 M
ratio of methyl, ethyl, isopropyl or benzyl alcohol) and sodium
methoxide as the catalyst (3.3 g, 1% w/w). The mixture was stirred
at 65 C for methanol preparation and at 85 C for preparation with
other alcohols. After 1 h, the resulting upper alkyl or benzyl layer
was separated and washed with warmwater (40 C) and dried over
Na2SO4. The remaining alcohol was evaporated under reduced
pressure. For the reaction performed with benzyl alcohol, an extra
step was adopted to remove the remaining alcohol after washing
the ester layer with water. The reaction product was washed with
10 mL of methanol up to ﬁve times, as necessary, and then dried
over Na2SO4, and excess methanol was removed under reduced
pressure.
2.3. Analytical methods
The CFPP, density and kinematic viscosity of the samples were
determined in triplicate according to ASTM 6371, ASTM D4052
and ASTM D445, respectively. In addition, the ester content of
the methyl ester from PO, OO and SO was determined by gas chro-
matography (GC) according to EN 14103:2011 and was adapted for
the use of methyl heptadecanoate as an internal standard using a
Shimadzu GC-2010 gas chromatograph with an AOC-5000 auto
injector and a DB-Wax (30 m  0.32 mm  0.250 lm) capillary
column. Helium was used as the carrier gas (2 mL/min). To deter-
mine the proﬁle of the fatty acids from the PO, OO and oils, as well
as that of their respective esters produced with methyl (M), ethyl
(E), isopropyl (I) and benzyl (B) alcohols, the sample was
previously hydrolyzed, followed by a methylation step [17]. The
respective methyl esters were characterized using an HP5890 gas
chromatograph with a ﬂame ionization detector (GC-FID). The
HP-INNOWax (HP) (30 m  0.25 mm  0.20 lm) capillary column
was used with a temperature gradient of 100 C for 1 min, followed
by an increase of 7 C/min up to 240 C, a split ratio of 1/50, and a
detector temperature of 250 C. Hydrogen was used as the carrier
gas (2 mL/min), and the injection volume was 1 lL. The identiﬁca-
tion of peaks was performed by comparison with retention time,
using the standard fatty acid methyl esters SUPELCO37.
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ceride (TG) conversion into esters using a 200 MHz Bruker Avance
DPX 200 spectrometer. The samples were dissolved in CDCl3, and
tetramethylsilane (TMS) was used as the reference.
The crystallization onset temperature (Tco) was measured using
a differential scanning calorimeter (DSC Q200 V24.4 Build 116).
Samples of approximately 15 mg were weighed into aluminum
pans. Samples were cooled from +25 C to 75 C at 20 C/min
and maintained until the heat ﬂow stabilized. Samples were then
heated back to +25 C at 20 C/min and maintained until the heat
ﬂow stabilized. Finally, under a N2 ﬂow of 50 mL/min, the samples
were cooled from +25 C to 75 C at a rate of 1 C/min, and
cooling curves were obtained. The Tco was determined as the
high-temperature end of the highest freezing transition peak from
the DSC curve, which is the highest temperature at which the
sample begins to freeze.
Thermogravimetric analysis (TGA) and derivative thermogravi-
metric analysis (DTGA) curves were obtained using a NETZSCH STA
409EP thermal analyzer. Samples were heated from 20 C to 500 C
at a rate of 10 C/min under N2 at a constant purge rate of 80 mL/
min.
3. Results and discussion
3.1. Biofuel composition
The PO studied was obtained as a yellow solid, the liquid frac-
tion (OO) was yellow oil and the solid fraction (SO) a yellowish
solid at room temperature. All biodiesels, independent of the alco-
hol used during the transesteriﬁcation process, were yellowish liq-
uids at room temperature.
The transesteriﬁcation conditions of the reactions were the
same, independent of the oil and alcohol used, except for the reﬂux
temperature when using methyl alcohol due to the lower boiling
point of its mixture. For the reactions processed with isopropyl
and benzyl alcohols, their excess was removed using special condi-
tions due to their higher boiling points, which exceed 100 C at
1 atm. Excess isopropyl alcohol was removed under a reduced
pressure at 90 C for more than 1 h, while the removal of excess
benzyl alcohol required an extra step of washing with methanol
to remove the excess alcohol before the evaporation step. The spe-
cial treatment required for purifying biofuel prepared with supe-
rior alcohol has the disadvantage of time and energy demands
when using different solvents and the distillation process [8,18].
However, instead of using the distillation process, especially for
the case of benzyl ester, an alternative process of washing the ﬁnal
product with methanol was preferable because exposure of biodie-
sels to high temperatures can affect their oxidation stability
[19,20].
Table 1 shows the fatty acid (FA) compositions of the PO, OO, SO
and their respective esters, with the methyl (M), ethyl (E), isopro-
pyl (I) and benzyl (B) esters codiﬁed here as follows: PME (palm
methyl ester), PEE (palm ethyl ester), PIE (palm isopropyl ester),
PBE (palm benzyl ester), OME (olein methyl ester), OEE (olein ethyl
ester), OIE (olein isopropyl ester), OBE (olein benzyl ester), SME
(stearin methyl ester), SEE (stearin ethyl ester), SIE (stearin isopro-
pyl ester) and SBE (stearin benzyl ester).
As shown in Table 1, PO has an equivalent amount of C16:0 and
C18:1, which are the predominant FA chains at this oil composi-
tion. As a result of the crystallization process, SO results in a 25%
higher amount of C16:0 than C18:1, while OO exhibited the oppo-
site behavior. The same tendency of FA composition found for the
oils is also present in their respective biofuels. The esters from PO
and OO maintain nearly identical compositions as their starting
materials in reference to the medium-chain and total saturated
and unsaturated FA chains and independent of the alkyl or benzylesters. Nevertheless, a different behavior is observed for the esters
from SO, whose ﬁnal product shows a higher number of unsatu-
rated FA chains than the oil source. Nevertheless, the esters from
SO have a predominance of saturated FA chains.
GC was used to quantify the content of the methyl esters from
PO, SO and SO. The method proposed by the EN 14214 and CNS
15072 speciﬁcations is intended only for methyl biodiesel but
not for higher alcohols and thus was not used for the preparation
of other ester samples. For this reason, 1H NMR spectroscopy was
used to quantify the relationship between the converted esters
and their respective TGs. Fig. 1 shows the 1H NMR (200 MHz)
spectra of OO and its respective esters with various alcohols. The
percentage yields for TG conversion into esters (%C) were obtained
directly from the integration areas (I) of the selected signals from
the 1H NMR spectra, as proposed in the following equations,
depending on the alkyl or benzyl ester:
%CM ¼ 100ð2Ia=3IaCH2Þ ð1Þ
%CE ¼ 100ðIb=IaCH2 þ 2Ia=3IaCH2Þ ð2Þ
%CI ¼ 100ð2Ic=IaCH2 þ 2Ia=3IaCH2Þ ð3Þ
%CB ¼ 100ðId=IaCH2 þ 2Ia=3IaCH2Þ ð4Þ
The subscript associated with the percent yield refers to the alcohol
used in the transesteriﬁcation reaction, indicated as methyl (M),
ethyl (E), isopropyl (I) or benzyl (B), where Ia is the area of the three
methoxy hydrogens in the region of 3.66 ppm (singlet) [21], Ib is the
area of the two a-ethoxy hydrogens at 4.07–4.17 ppm (multiplet)
[22], Ic is the area of the secondary hydrogens of the isopropoxy
at 4.90–5.09 ppm (multiplet), and Id is the area of the two CH2-ben-
zyl hydrogens in the region of 5.10 ppm (singlet). In Eqs. (2)–(4), the
conversion of oil into esters was considered as the sum of the ester
content obtained with the corresponding alcohol (integration of the
signals b–d) with the methyl ester content (integration of signal a at
3.6 ppm) because these esters were also formed using sodium
methoxide as a catalyst.
For the purpose of comparison, the ester contents obtained for
the FAME from palm and palmist oil were 99.6% and 99.3%, respec-
tively, using the 1H NMRmethod and 97.9% and 95.1% using the GC
method. Because there is a close relationship between the meth-
ods, the results of ester conversion for the other esters using the
1H NMR method was considered.
Analysis of the data obtained from 1H NMR spectra (Table 1)
reveals a reduction in ester content as the length of the carbon
chain of the alkoxy group increases. Such results can be attributed
to the lower reactivity of isopropyl alcohol due to its lower acidity
(pKa = 16.6) compared with methanol (pKa = 15.5) and ethanol
(pKa = 15.9) and its greater steric hindrance [23,24]. Because the
minimum ester content proposed by EN 14214 is 96.5%, the results
indicate that methyl and ethyl esters meet the standard speciﬁca-
tions; however, isopropyl and benzyl esters do not, except for OBE.
Although the acidity of benzyl alcohol (pKa = 15.4) is similar to that
of methanol, its high steric hindrance may also be responsible for
the lower ester conversion for benzyl ester.
3.2. Biofuel properties
3.2.1. Cold properties
The cold properties of biodiesel fuel can be evaluated by
standard methods such as cloud point (CP), pour point (PP) and
cold-ﬁlter plugging point (CFPP). Certain studies have evaluated
cold ﬂow properties using differential scanning calorimeter (DSC)
multi-purpose equipment, which has the advantage of requiring
a small sample [16]. In accordance with Foon et al. [25], the DSC
curves for all palm biofuels studied (Fig. 2) exhibit two main peaks
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Claudia Cristina Cardoso et al. / Fuel 135 (2014) 406–412 409for fuel crystallization, independent of the alkoxy group. The ﬁrst
peak, occurring at higher temperature, can be denoted as the start-
ing point of the overall crystallization process related to the satu-
rated methyl ester medium chain (mostly C16:0), and the second
peak is associated with the unsaturated methyl ester long chain
(mostly C18:1). Fig. 2 also shows that the intensity of the ﬁrst peak
in the DSC curves increases from the biodiesel of OO to PO then to
SO, compared to the second peak, which is independent of alkoxy
group. The sizes of these peaks represent crystallization enthalpy
and are related to the amount of each component in a mixture
[7,25,26], according to the FA composition of the biofuel presented
in Table 1.
Using the DSC curves (Fig. 2), the Tco was determined as the
high-temperature end of the highest freezing transition peak,
which is the highest temperature at which the sample begins to
freeze. From Fig. 2, for the same alkoxy group, all SO esters have
higher Tco than the PO and OO esters, and the Tco of the PO ester
is always between those of the SO and OO esters, which can be
attributed to the fact that SO and OO are the saturated and unsat-
urated fractions of PO, respectively [25,27]. Otherwise, the second
peak position in the DSC does not change signiﬁcantly, regardless
of the percentage of saturated FA chain, as expected [25]; this
behavior is more clearly observed for methyl and isopropyl esters.
The higher Tco value for stearin esters than palm and olein
esters can be related to the close packing of the molecules, which
means that higher-ordered molecules present poor cold properties
in biodiesels due to stronger intermolecular forces of attraction.
Because of the natural cis conﬁguration of unsaturated FA chains,
the spatial arrangement of molecules disrupts their crystal packing
ability, thus lowering their crystallization temperature [27].
Taking into account the alkoxy effect, Tco noticeably shifts to a
lower temperature from the methyl to ethyl then to isopropyl moi-
eties in biodiesel, as also observed by Lee et al. [8] while studying
biodiesel produced from soybean oil (mostly C18:1). Such behavior
was also observed for the second major peaks appearing at lower
temperatures. This relation can also be explained by the close
packing of molecules while replacing straight-chain methyl or
ethyl moieties with branched-chain alcohol moieties, such as iso-
propyl, due to the reduction of intermolecular associations [18].
The close packing due to strong London interactions among the
aromatic rings of the benzyl ester may also justify the increase in
Tco for the alkyl esters, OBE, PME and SBE, relative to the respective
biodiesel with isopropyl moieties, despite their higher molecular
weights. The higher Tco of the benzyl ester compared with the alkyl
ones shows the opposite behavior to what was expected because
aromatic additives are used to decrease the CFPP of biodiesels [16].
From Fig. 3, the wax crystallization temperature is observed in
the correlation of Tco and the temperature of CFPP (TCFPP) values.
Such data are in agreement with those reported in the literature
[4,26]. The results obtained in our study show that the crystalliza-
tion process for reducing the oil-saturated FA fraction does not rep-
resent an advantage over the commercial process if we consider
the cold properties of the biodiesel. Such conclusions are valid
while keeping the alkoxy group constant because the reduction
in temperature does not exceed 2 C. However, the effect of the
alcohol on the transesteriﬁcation process shows an advantage for
the isopropyl ester, where a temperature reduction of almost
15 C is experienced, compared to the benzyl esters, which shows
the highest CFPP. Furthermore, the difference in temperature of
CFPP between the isopropyl biodiesel from PO and OO does not
exceed 1 C.
3.2.2. Thermogravimetric analysis
The TGA curves for PO, OO, SO, and their respective biofuels
with the various alcohols studied show only a single dominant step
of weight loss (ca. 50%) between 140 C and 270 C. As no other
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
Fig. 1. Overlay of 1H NMR spectra (200 MHz, in CDCl3) of olein oil (OO) and its respective esters with the various alcohol moieties: methyl (OME), ethyl (OEE), isopropyl (OIE)
and benzyl (OBE).
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transesteriﬁcation reaction [3]. Above 270 C, the weight of the
esters remains almost constant, whilst single peak maxima in the
DTGA curves are found at approximately 237–313 C (Table 1).
According to the DTGA curves, the oils are very stable and begin
evaporation in one step over 393 C (Table 1). These high temper-
atures relative to their esters are due to the elevated average molar
mass of TG compounds [28].
The higher temperatures of the benzyl esters relative to the
alkyl esters can be attributed to the presence of the aromatic ring.-70 -60 -50 -40 -30 -20 -10 0 10 20
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Fig. 2. Overlay of DSC curves for the esters of palm oil (PO), stearin oil (SO) and
olein oil (OO) with various alcohol moieties: methyl (MeOH), ethyl (EtOH),
isopropyl (IsoPrOH) and benzyl (BnOH) alcohol. The arrow at the curves indicates
the Tco point for the stearin biofuels.Those samples presented special thermal stability that is directly
associated with a reduction in the volatility of these biofuels
compared with others (methyl, ethyl and isopropyl esters). This
behavior most likely will affect the distillation curve and can be
interesting when high temperatures of biofuel work are desirable.
3.2.3. Kinematic viscosity
The alkyl esters of PO, OO and SO adhere to the 1.9–6.0 mm2 s1
viscosity limit speciﬁcation (Table 1) set forth by ASTM D6751.
However, the more restrictive EN 14214 speciﬁcation of 3.5–
5.0 mm2 s1 for kinematic viscosity at 40 C would exclude PIE,
OIE and SIE. The benzyl esters of palm and palmist oils do not
adhere to any of the speciﬁcations, presenting high values of vis-
cosity. These high values can be one of the reasons that benzyl
esters are not included as biodiesel fuels in United States or Euro-
pean speciﬁcations.
In recent studies, Hoekman et al. [4] and Demirbas [12] found
that viscosity decreases with increased number of unsaturation.
Contrary to such results, Rodrigues et al. [18] observed that one
double bond increases the viscosity, whereas two or three double
bonds reduce the viscosity while comparing chains with the same
carbon numbers. Additionally, the literature also reports that bio-
diesels with longer FA chains have higher viscosity [27,29]. Based
on this result, the kinematic viscosity of the biodiesel of OO is
higher than those of PO due to their higher number of C16:0 and
C18:1 chains (Table 1), except for the ethyl biodiesel. However,
as a result, we expected that the biodiesel of SO would have a kine-
matic viscosity lower than the respective biodiesel of OO, but this
relationship was not observed. This analysis suggests that the bio-
diesel of PO, with a higher kinematic viscosity than its respective
derivative fractions, does not justify the crystallization of palm
oil to obtain a biodiesel with higher viscosity while keeping the
alkoxy group constant.
However, in a homologous series of oils in which the alkoxy
group was changed, the viscosity increased upon increasing the
chain length of the alcohol moieties [23,27,30]. This tendency may
be the reason for the greater difference observed for biofuels with
benzyl moieties (PBE, OBE and SBE) compared with biofuels with
alkyl moieties due to their stronger intermolecular interactions.
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Fig. 3. Tco and TCFPP relationship of esters of palm oil (PO), olein oil (OO) and stearin
oil (SO) with various alcohol moieties: methyl (MeOH), ethyl (EtOH), isopropyl
(IsoPrOH) and benzyl (BnOH) alcohol.
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Even if the ASTM D6751 standard does not include a speciﬁca-
tion for density, the European EN 14214 norm includes a density
speciﬁcation in the range of 860–900 kg m3, which includes all
alkyl esters of PO, OO and SO and excludes the benzyl ones
(Table 1). These results can in part explain why benzyl esters
cannot be included as biodiesel in United States and European
speciﬁcations.
Table 1 shows an inverse relationship between the density and
viscosity of alkyl esters, as related in the literature [29]. These data
also show that, due to a higher number of unsaturated FA chains in
the biodiesel of OO, the density of its alkyl ester is slighter higher
than the respective biodiesel of SO, with respect to the same alkoxy
group [27]. Moreover, because the FA chain composition of the
biodiesel of PO is an average of those of OO and SO biodiesels, its
density is also within the speciﬁed range.
Keeping constant the feedstock with a varying chain length of
the alcohol moieties in all alkyl esters of PO, OO and SO (Table 1)
resulted in a decrease in the density of biodiesel as the linear
carbon number increased, corroborating the results reported in
the literature [30]. Although benzyl ester has a higher number of
carbons, the material showed a decrease in biodiesel density
compared with the alkyl esters, which is most likely due to the
smaller molecular volume occupied by this compound, attributed
to stronger intermolecular interactions.4. Conclusions
Palm oil was crystallized to its palm olein and palm stearin oil
fractions, resulting in oils with a reduced amount of C16:0 and
C18:1, respectively. Transesteriﬁcation of palm oil and its fraction-
ated oils with methyl, ethyl, isopropyl and benzyl alcohols was
performed; methyl and ethyl esters presented the highest conver-
sion. A comparison of the physical and chemical properties of these
biodiesels was performed to evaluate any possible advantage with
respect to standard speciﬁcations and cold properties that justify
the prior process of crystallization of palm oil and the use of an
alcohol other than methanol. Benzyl esters present the highest
thermal stability but are inadequate as biodiesel due to their high
viscosity and density. All isopropyl esters studied showed kine-
matic viscosity above the limit of the more restrictive European
speciﬁcation. The biofuels of olein oil presented the best cold prop-
erty, improving with increased alkyl chain length.Acknowledgements
The authors would like to acknowledge the Universidade
Federal Rural de Pernambuco for the REUNI Fellowship to Claudia
Cardoso, CNPq and FINEP for ﬁnancing this study, and Prof. Dr.
Maria Irene Yoshida (Chemistry Department – Universidade
Federal de Minas Gerais) for thermogravimetric analyses.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.fuel.2014.07.019.References
[1] Pattamaprom C, Pakdee W, Ngamjaroen S. Storage degradation of palm-
derived biodiesel: its effects on chemical properties and engine performance.
Renew Energy 2012;37:412–8.
[2] Mekhilef S, Siga S, Saidur R. A review on palm oil biodiesel as a source of
renewable fuel. Renew Sustain Energy Rev 2011;15:1937–49.
[3] Muppaneni T, Reddy HK, Ponnusamy S, Patil PD, Sun Y, Dailey P, et al.
Optimization of biodiesel production from palm oil under supercritical ethanol
conditions using hexane as co-solvent: a response surface methodology
approach. Fuel 2013;107:633–40.
[4] Hoekman SK, Broch A, Robbins C, Ceniceros E, Natarajan M. Review of biodiesel
composition, properties, and speciﬁcations. Renew Sustain Energy Rev
2012;16:143–69.
[5] Shahabuddin M, Kalam MA, Masjuki HH, Bhuiya MMK, Moﬁjur M. An
experimental investigation into biodiesel stability by means of oxidation and
property determination. Energy 2012;44:616–22.
[6] Torres-Jimenez E, Jerman MS, Gregorc A, Lisec I, Dorado MP, Kegl B. Physical
and chemical properties of ethanol–diesel fuel blends. Fuel 2011;90:795–802.
[7] Lee I, Johnson LA, Hammond EG. Reducing the crystallization temperature of
biodiesel by winterizing methyl soyate. J Am Oil Chem Soc 1996;73:631–6.
[8] Lee I, Johnson LA, Hammond EG. Use of branched-chain esters to reduce the
crystallization temperature of biodiesel. J Am Oil Chem Soc 1995;72:1155–60.
[9] Knothe G. ‘‘Designer’’ biodiesel: optimizing fatty ester composition to improve
fuel properties. Energy Fuels 2008;22. 1358-4.
[10] Ojolo SJ, Adelaja AO, Sobamowo GM. Production of bio-diesel from palm kernel
oil and groundnut oil. Adv Mat Res 2012;367:501–6.
[11] Romano SD, Sorichetti PA. Introduction to biodiesel production. In: Romano
SD, Sorichetti PA, editors. Dielectric spectroscopy in biodiesel production and
characterization, green energy and technology. NewYork: Springer-Verlag
London Limited; 2011. p. 71–82.
[12] Demirbas A. Production of biodiesel fuels from linseed oil using methanol and
ethanol in non-catalytic SCF conditions. Biomass Bioenergy 2009;33:113–8.
[13] Encinar JM, Gonzalez JF, Rodriguez-Reinares A. Ethanolysis of used frying oil.
Biodiesel preparation and characterization. Fuel Process Technol
2007;88:513–22.
[14] Bouaid A, Martinez M, Aracil J. A comparative study of the production of ethyl
esters from vegetable oils as a biodiesel fuel optimization by factorial design.
Chem Eng J 2007;134:93–9.
[15] Silva NL, Maciel MRW, Batistella CB, Maciel Filho RM. Optimization of
biodiesel production from castor oil. Appl Biochem Biotechnol 2006;129–
132:405–14.
[16] Aboul-Gheit AK, Abd-el-Moghny T, Al-Eseimi MM. Characterization of oils by
differential scanning calorimetry. Thermochim Acta 1997;306:127–30.
[17] Christie WW. Gas chromatography and lipids: a pratical guide; Pergamon
Press: Scotland; 1989 [Chapter 4].
[18] Rodrigues JA, Cardoso FP, Lachter ER, Estevao LR, Lima E, Nascimento RSV.
Correlating chemical structure and physical properties of vegetable oil esters. J
Am Oil Chem Soc 2006;83:353–7.
[19] Yang Z, Hollebon BP, Wang Z, Yang C, Landriault M. Factors affecting oxidation
stability of commercially available biodiesel products. Fuel Proces Technol
2013;106:366–75.
[20] Knothe G. Some aspects of biodiesel oxidative stability. Fuel Proces Technol
2007;88:669–77.
[21] Gelbard G, Brès O, Vargas RM, Vielfaure F, Schuchardt UE. 1H nuclear magnetic
resonance determination of the yield of the transesteriﬁcation of rapeseed oil
with methanol. J Am Oil Chem Soc 1995;72:1239–41.
[22] Ghesti GF, Macedo JL, Resck IS, Dias JA, Dias SCL. FT-Raman spectroscopy
quantiﬁcation of biodiesel in a progressive soybean oil transesteriﬁcation
reaction and its correlation with 1H NMR spectroscopy methods. Energy Fuels
2007;21:2475–80.
[23] Lang X, Dalai AK, Bakhshi NN, Reaney MJ, Hertz PB. Preparation and
characterization of bio-diesels from various bio-oils. Bioresour Technol
2001;80:53–62.
[24] Chemat F, Poux M, Galema SA. Esteriﬁcation of stearic acid by isomeric forms
of butanol in a microwave oven under homogeneous and heterogeneous
reaction conditions. J Chem Soc Perkin Trans 1997;2:2371–4.
412 Claudia Cristina Cardoso et al. / Fuel 135 (2014) 406–412[25] Foon CS, Liang YC, Dian NLHM, May CY, Hock CC, Ngan MA. Crystallisation and
melting behavior of methyl esters of palm oil. Am J Appl Sci 2006;3:1859–63.
[26] Pérez A, Casas A, Férnandez CM, Ramos MJ, Rodriguéz L. Winterization of
peanut biodiesel to improve the cold ﬂow properties. Bioresour Technol
2010;101:7375–81.
[27] Refaat AA. Correlation between the chemical structure of biodiesel and its
physical properties. Int J Environ Sci Technol 2009;6:677–94.[28] Sousa FP, LucianoMA,PasaVMD.Thermogravimetryandviscometry forassessing
the ester content (FAME and FAEE). Fuel Process Technol 2013;109:133–40.
[29] Demirbas A. Relationships derived from physical properties of vegetable oil
and biodiesel fuels. Fuel 2008;87:1743–8.
[30] Saravanan N, Puhan S, Nagarajan G, Vedaraman N. An experimental
comparison of transesteriﬁcation process with different alcohols using acid
catalysts. Biomass and Bioenergy 2010;34:999–1005.
